A random five-codon gene library was used to isolate minigenes whose expression causes cell growth arrest. Eight different deleterious minigenes were isolated, five of which had in-frame stop codons; the predicted expressed peptides ranged in size from two to five amino acids. Mutational analysis demonstrated that translation of the inhibitory minigenes is essential for growth arrest. Pulse-labeling experiments showed that expression of at least some of the selected minigenes results in inhibition of cellular protein synthesis. Expression of the deleterious minigenes in cells deficient in peptidyl-tRNA hydrolase causes accumulation of families of peptidyl-tRNAs corresponding to the last minigene codon; the inhibitory action of minigene expression could be suppressed by overexpression of the tRNA corresponding to the last sense codon in the minigene. Experimental data are compatible with the model that the deleterious effect of minigene expression is mediated by depletion of corresponding pools of free tRNAs.
A random five-codon gene library was used to isolate minigenes whose expression causes cell growth arrest. Eight different deleterious minigenes were isolated, five of which had in-frame stop codons; the predicted expressed peptides ranged in size from two to five amino acids. Mutational analysis demonstrated that translation of the inhibitory minigenes is essential for growth arrest. Pulse-labeling experiments showed that expression of at least some of the selected minigenes results in inhibition of cellular protein synthesis. Expression of the deleterious minigenes in cells deficient in peptidyl-tRNA hydrolase causes accumulation of families of peptidyl-tRNAs corresponding to the last minigene codon; the inhibitory action of minigene expression could be suppressed by overexpression of the tRNA corresponding to the last sense codon in the minigene. Experimental data are compatible with the model that the deleterious effect of minigene expression is mediated by depletion of corresponding pools of free tRNAs.
Short open reading frames (ORFs) are abundant in genomes of all the studied organisms. Some mini-ORFs, especially those found in transcribed RNAs (mRNA, rRNA, or others), may be potentially translated into short, functionally active peptides. For example, it has been shown recently that translation of a pentapeptide minigene present in 23S rRNA of Escherichia coli renders cells resistant to the ribosome-targeted antibiotic, erythromycin; this resistance was apparently caused by specific interaction of the translated short peptide with the ribosome (34, 36) .
Several documented examples suggest that expression of specific short peptides may be detrimental for the cell. In these cases, again, the physiological effect of expression of short peptides is mediated by protein synthesis machinery. It has been shown that translation of naturally occurring two-codon minigenes (bar) in bacteriophage lambda is deleterious in cells with a low level of peptidyl-tRNA hydrolase (PTH) activity (10, 13) . It has been proposed that lambda minigene translation in pth mutant cells results in accumulation of peptidyltRNA corresponding to the last minigene codon; the resulting tRNA starvation abolishes translation of the cellular genes (14, 15, 31) .
Understanding the peculiarities of translation of short ORFs may provide important insights into mechanisms of protein synthesis and gene regulation. In order to identify ORFs whose expression may be deleterious to the cell and, in particular, inhibit translation of cellular proteins, we used a random fivecodon minigene expression library. Library screening revealed that expression of certain short ORFs may dramatically inhibit cell growth due to interference with protein synthesis. Results of analysis of several selected library clones are compatible with the model that the deleterious effect of minigene expression is mediated by accumulation of specific peptidyl-tRNAs and depletion of corresponding pools of free tRNAs. Selection of the deleterious minigenes. Construction of the pPOT1AE vector and preparation of the random minigene library were described previously (34, 35) . For selection of plasmids carrying deleterious minigenes, E. coli cells (strain JM109) were transformed with the random pentapeptide library plasmids and grown in 2.5 ml of LB medium for 1 h (at this and all subsequent steps, liquid cultures were grown at 37°with constant shaking at 250 rpm). Ampicillin was added to a final concentration of 100 g/ml, and transformed cells were grown in liquid culture for 7 h at 37°and stored overnight at ϩ4°C. The next day cells were pelleted, resuspended in 2.5 ml of fresh medium containing 100 g of ampicillin/ ml, and grown for 1 h. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to a 2 mM final concentration, and incubation was continued for 1 h. This was followed by the addition of cycloserine to a final concentration of 12 mM, and the culture was grown for 3 more hours. At the end of incubation with cycloserine, cells were pelleted, resuspended in 15 ml of fresh LB medium containing 100 g of ampicillin/ml, stored overnight at 4°C, and then grown several hours at 37°C until culture density reached an A 650 of 0.4. Plasmid was isolated from a 3-ml culture and used to transform fresh E. coli cells, strain JM109. The selection cycle was repeated four more times, after which cells were plated onto agar plates containing 100 g of ampicillin/ml; individual colonies were isolated and replica plated onto LB-agar plates containing 100 g of ampicillin/ml with or without 2 mM IPTG. Plasmids were isolated from the clones that failed to grow in the presence of IPTG and transformed into fresh JM109 cells. Cotransference of IPTG sensitivity with the plasmid was tested by replica plating transformants on the plates with or without IPTG. Plasmids containing peptide minigenes conferring IPTG sensitivity were isolated and sequenced.
MATERIALS AND METHODS

Strains
Pulse-labeling of RNA and proteins. Cells harboring the pMR plasmid, carrying the MR peptide minigene in the pPOT1AE vector, or the control, the empty pPOT1AE vector, were grown in morpholinepropanesulfonic acid (MOPS) medium (30) . When optical density reached an A 600 ϭ 0.08, IPTG was added to a final concentration of 2 mM. Two 80-l aliquots were taken at defined time points from each culture for pulse labeling of RNA and proteins. For protein labeling, 2 l of [
35 S]methionine (17 mol, 28 Ci/mmol) was added to the cell culture, and the mixture was incubated 8 min at 37°C. After the addition of 80 l of 20% trichloroacetic acid, samples were incubated for 25 min at 100°C and filtered through G4 glass fiber filters (Fisher).
For RNA labeling, 5 l of [ 3 H]uridine (27 mol, 3.4 Ci/mmol) was added to an 80-l culture, and the mixture was incubated 4 min at 37°C. After the addition of 80 l of 20% trichloracetic acid, the sample was kept on ice for 30 min and then filtered through G4 glass fiber filters. Filters were dried and counted.
Mutagenesis of MR minigene. The MR peptide minigene was randomly mutagenized by using PCR-mediated mutagenesis. The PCR primers CCW and CC (GCCATCGGAAGCTGTGG and CTCCGCTATCGCTACGTG, respectively), complementary to pPOT1AE sequences upstream from the Ptac promoter and downstream from the Ttrp terminator (Fig. 1) , were used to PCR amplify the minigene in the presence of Mn 2ϩ (3) . The mutagenized PCR products were cut with restriction enzymes AflII and EcoRI and cloned back into the pPOT1AE vector cut with the same enzymes. The recombinant plasmids were transformed into E. coli JM109 cells, and clones able to grow on agar plates containing 100 g of ampicillin/ml and 2 mM IPTG were selected. The phenotypes were confirmed by retransforming the plasmids isolated from individual colonies into fresh cells.
Insertion of four extra nucleotides into the EcoRI or AflII sites flanking the peptide minigene was achieved by cutting the plasmid at corresponding sites, filling up protruding ends, and religation. To insert longer DNA sequences into the EcoRI or AflII sites, an excess of a 10-bp NheI linker was present during the religation step.
Recloning MR peptide minigenes into the pACYC184 vector. The MR minigene with the Ptac promoter and Ttrp terminator was PCR amplified from the pPOT1AE construct with a pair of primers, GGAAGCTTTTGACAATTAATC and CTAAGCTTCCAAAAAAAAGCCCG, which contained HindIII sites in their sequence. The PCR product was cut with the HindIII restriction enzyme and cloned into the HindIII site of the pACYC184 vector, producing the pACMR plasmid.
Genomic library screening. The genomic library was constructed in the modified pTrc99A vector (Pharmacia), in which the lacI q gene was disrupted by cutting the vector at the unique BstEII site located in the lacI q gene, filling protruding DNA ends, and religating the vector. E. coli genomic DNA was partially hydrolyzed with Sau3A and ligated into the BamHI site of the modified pTrc99A vector. The ligation mixture was transformed into ultracompetent XL-1 Blue cells (Stratagene), producing a library of approximately 30,000 clones. The plasmid library was amplified and introduced into E. coli JM109 cells containing the pACMR plasmid.
Transformed cells were selected on agar plates containing 100 g of ampicillin/ml (required for maintenance of the library plasmids), 25 g of chloramphenicol/ml (required for maintenance of pACMR), and 2 mM IPTG. Plasmids were isolated from individual clones and library plasmids were segregated from pACMR by transforming fresh cells and selecting Amp r -Cam s transformants. A clone with a library plasmid containing a 2.8-kb insert of genomic DNA that allowed cell growth in spite of expression of the MR peptide minigene from pACMR was chosen for further analysis.
The insert was reduced to 400 bp without the loss of resistance to the MR peptide minigene. Sequencing of the 400-bp insert revealed the presence of a tRNA 4 Arg gene expressed from its own promoter. To verify that overexpression of tRNA 4 Arg renders cells tolerant to expression of the MR minigene, the tRNA 4
Arg gene with its promoter was PCR amplified from E. coli genomic DNA with primers GGGAATTCACTTGTTCAGCAAC and CTAAGCTTGAGGATATA AAGAAGGC. The PCR product was cut with HindIII and EcoRI and inserted into the pUC19 vector cut with the same enzymes. The resulting plasmid was introduced into E. coli cells containing pACMR. Transformants were selected on agar plates containing 100 g of ampicillin/ml and 25 g of chloramphenicol/ml, and their ability to grow in the presence of 2 mM IPTG was tested by replica plating.
Rescue of P90C pth(rap) cells expressing inhibitory minigenes by tRNA overexpression. To study the effect of tRNA overexpression on the growth of cells expressing inhibitory minigenes, P90C pth(rap) cells were cotransformed with the minigene containing pPOTAE1 constructs and compatible plasmids overexpressing either tRNA Arg (pDC952) or tRNA Ile (pDPT489) (6) . Cells were grown in liquid cultures, and cell growth was monitored spectrophotometrically after induction of minigene expression by IPTG.
Estimation of amounts of peptidyl-tRNAs in the cell. Cultures of the P90C pth(rap) strain transformed with pPOT1AE constructs carrying inhibitory peptide minigenes were grown at 37°C to an A 600 ϭ 0.4, at which point cultures were split between two flasks and IPTG was added to one flask to a final concentration of 1 mM. Cells were grown for 30 min at 37°C with constant shaking and were then harvested. The amounts of individual peptidyl-tRNAs in the cell were determined by the amino acyl-accepting activity in the cellular tRNA pool unmasked by treatment with PTH as described previously (14, 23, 24) .
RESULTS
Selection of inhibitory peptide minigenes. Construction of the five codon minigene library was described previously (Fig.  1A) (34, 35) . Due to the random occurrence of in-frame stop codons, the library contains ORFs coding not only for pentapeptides but for shorter peptides as well. Minigenes are expressed under the control of an IPTG-inducible Ptac promoter.
Negative selection with cycloserine was used to isolate minigenes whose expression inhibits cell growth. Cycloserine is a bactericidal antibiotic which kills fast-growing cells; therefore, cells expressing deleterious minigenes would preferentially survive in the presence of the drug. E. coli cells were transformed with the total plasmid library, and minigene expression was induced by IPTG which was followed by addition of cycloserine after 1 h. Incubation with cycloserine resulted in killing about 99% of bacteria in the culture, as determined by colony-forming ability. To avoid selection of chromosomal mutations, total plasmid was isolated from cells that survived cycloserine treatment and transformed into fresh cells. After four rounds of negative selection, individual clones were replica plated on plates with and without IPTG and eight clones unable to grow on IPTG-containing plates were isolated (Fig.  2) . The inability of cells to grow in the presence of IPTG was cotransferrable with the plasmid; furthermore, when minigenes were moved from the originally selected plasmids into a fresh pPOTAE1 vector, newly constructed plasmids also caused cell growth arrest in the presence of IPTG. We concluded that eight selected clones contained plasmid-borne minigenes whose expression abolished cell growth.
Sequencing of minigenes from isolated plasmids revealed that five of eight minigenes contained in-frame stop codons within the randomized minigene sequence (Fig. 1A and B) . Since the frequency of occurrence of in-frame stop codons in unselected library clones is significantly lower (35) , it appears that deleterious ORFs are preferentially found among smaller minigenes.
Comparison of minigene nucleotide sequences or amino acid sequences of the encoded peptides did not reveal any clear sequence consensus which would unveil a possible mechanism of inhibition of cell growth. Although certain prevalence of positively charged amino acids can be noted, its significance remains unclear.
In order to gain insight into the mechanism of cell growth inhibition, a series of experiments were performed. The pMR clone was chosen as a model for genetic and biochemical studies. This MR minigene was attractive because it was one of the smallest among the selected deleterious minigenes.
Translation of the peptide minigene is required for cell growth arrest. To find out which sequences of the MR minigene are important for the deleterious effect, mutations were introduced randomly in the peptide minigene and its flanking region by PCR mutagenesis, and clones that regained the ability to grow in the presence of IPTG were selected (Fig. 3) . All the found mutations were located in the regions important for translation of the minigene. Two of the mutations reduced complementarity of the Shine-Dalgarno sequence to the 3Ј end of 16S rRNA required for efficient initiation of translation (33) ; two other mutations eliminated the initiator AUG codon of the peptide ORF. One mutation converted the second codon of the minigene into a nonsense codon; the smallest possible minigene (AUG-UGA) was not inhibitory for the cell. Similarly, a missense mutation changing the second amino acid of the encoded Met-Arg dipeptide to Gly eliminated the inhibitory effect of minigene translation. Yet another mutation converted the UAG stop codon of the MR minigene into the Leu codon; however, in contrast to translation of the MR minigene, translation of the resulting MRLLA minigene was not inhibitory to cell growth. No mutations were found downstream from the minigene stop codon or in the spacer separating the Shine-Dalgarno region and initiator AUG codon. Thus, the results of mutational analysis were compatible with the idea that the size and the sequence of the minigene were essential for the inhibition of cell growth. Furthermore, it is minigene translation, rather than a mere presence of mRNA, that is required for cell growth inhibition.
Expression of peptide minigene inhibits protein synthesis in the cell. To identify which cellular process may be influenced by the minigene expression, the effect of expression of the MR minigene on the rate of RNA or protein synthesis was determined by in vivo pulse-labeling with [ 3 H]uridine or [ 35 S]methionine, respectively (Fig. 4) . While RNA synthesis continued after induction of minigene expression (as can be judged by incorporation of uridine in trichloracetic acid-insoluble material), the rate of protein synthesis (methionine incorporation into the polypeptide fraction) was significantly reduced in cells expressing the MR minigene. Similar results were obtained for the other two studied minigenes, MKRI and MI.
tRNA 4 Arg rescues cells expressing the MR minigene. In order to understand the mechanism of protein synthesis inhibition resulting from minigene expression, we searched for a chro- mosomal gene whose overexpression could suppress the inhibitory action of the MR peptide. The MR minigene, with the Ptac promoter and Ttrp terminator (Fig. 1A) , was transferred from the pPOT1AE into the pACYC184 vector to produce plasmid pACMR. Expression of the MR minigene even from a low-copy-number pACMR was sufficient to inhibit cell growth; cells carrying pACMR did not form colonies in the presence of IPTG. An E. coli genomic library was constructed in the modified pTrc99A vector (1) (see Materials and Methods). The library was introduced into cells carrying pACMR, and a clone which gained the ability to grow in the presence of IPTG was selected. The size of the cloned genomic DNA segment expressed in the selected clone was originally 2.8 kbp. However, it could be reduced to 400 bp without loss of its ability to suppress the inhibitory effect of the MR peptide minigene. Sequencing of the 400-bp insert showed the presence of the tRNA 4 Arg gene, suggesting that overproduction of this tRNA rendered cells tolerant to the minigene expression. To verify this conclusion, the tRNA 4 Arg gene with its own promoter was PCR amplified from the E. coli chromosome and inserted into pUC19 plasmid, and the resulting construct was introduced into cells carrying pACMR. Overproduction of tRNA 4 Arg in cells expressing the MR minigene restored their ability to form colonies on the agar plate. However, cells expressing the MKRI minigene were not rescued by tRNA 4 Arg (Fig. 5 ). tRNA 4 Arg decodes the last AGA codon of the MR peptide minigene. Therefore, we tested if overproduction of tRNA 2 Ile , cognate to the last codon of the MKRI ORF, could rescue cells expressing a MKRI minigene. As shown in Fig. 5C , expression of tRNA 2 Ile restored the growth of cells expressing the MKRI minigene but not that of cells expressing the MR minigene. Furthermore, overexpression of tRNA Lys , which corresponded to (AAG) codon of the MKRI ORF, or of tRNA 4 Arg did not improve the survival of cells expressing the MKRI peptide minigene (data not shown). Thus, it is likely that overexpression of the tRNA cognate to the last minigene codon suppresses the deleterious effect of minigene expression.
Cells expressing inhibitory minigenes accumulate peptidyltRNA corresponding to the last codon of the peptide ORF. Previously, it was shown that expression of the bacteriophage lambda barI minigene, which is detrimental for PTH-deficient pth(rap) cells, is accompanied by accumulation of peptidyltRNA cognate to the last codon of barI (14, 15) . Therefore, we studied the effect of expression of minigenes selected from the random library on the accumulation of peptidyl-tRNA in pth(rap) cells (Fig. 6) . Expression of the MR peptide minigene resulted in a marked increase of the amount of peptidyltRNA Arg , while expression of MKRI minigene caused preferential accumulation of peptidyl-tRNA Ile . In contrast, expression of neither the inhibitory minigene MHTNH nor the harmless minigene ME led to accumulation of these peptidyltRNAs or of peptidyl-tRNA Glu (not shown). This result demonstrated that the inhibitory action of short peptide minigenes in pth(rap) cells correlates with accumulation of specific isoaccepting families of peptidyl-tRNAs.
DISCUSSION
From more than 50 clones randomly picked from the unselected pentapeptide minigene library none showed IPTGdependent growth arrest (data not shown). Only eight inhibitory minigenes were isolated after four rounds of negative selection. Therefore, though the selection we used was nonexhaustive, we suspect that the number of inhibitory minigenes in the library of ca. 160,000 peptide sequences is rather small (35) . The mode of action of only one minigene, MR, was studied in detail. Therefore, strictly speaking, our conclusions regarding the mechanism of cell growth inhibition caused by minigene expression refer specifically to this minigene. However, several other selected minigenes, when studied in individual tests, showed properties similar to those of the MR minigene (see Fig. 4 to 6) . Therefore, we suspect that the mode of inhibitory action of at least several selected minigenes resembles that of MR.
The following findings provide insights into mechanism of inhibitory action of the MR minigene: (i) expression of the minigene results in inhibition of protein synthesis, (ii) the inhibitory effect of minigene translation can be compensated by overexpression of the tRNA corresponding to the last minigene codon, and (iii) PTH-deficient cells expressing inhibitory minigenes accumulate peptidyl-tRNA corresponding to the last codon of the minigene. The observed characteristics of the MR minigene selected from the random library closely resemble those found for naturally occurring inhibitory minigenes of bacteriophage lambda (14, 15) . The lambda minigenes (barI and barII [wild type] and the mutant, barA702) are extremely small (AUG AUA UAA, AUG AUA UGA, and AUG AAA UAA, respectively), coding for dipeptides Met-Ile (barI and barII) and Met-Lys (barA702) (14, 31) . Translation of bacteriophage lambda minigenes results in inhibition of protein synthesis in PTH-deficient cells which correlates with accumulation of peptidyl-tRNA cognate to the last codon of the minigene (32) . Furthermore, similar to minigenes selected from the random library, the deleterious effect of barI or barA702 on translation can be compensated by excess of tRNA cognate to the last minigene codon (14) . It has been proposed that bar inhibitory action is mediated by accumulation of peptidyltRNA and resulting depletion of the uncharged tRNA pool in the cell (15) . By analogy, we suggest that, at least in pth(rap) cells, a similar mode of cell growth inhibition applies to the MR, and maybe other minigenes, selected from the random library, namely, that minigene expression results in an accumulation of peptidyl-tRNA corresponding to the last codon of the minigene and resulting starvation for corresponding tRNA.
Peptidyl-tRNA accumulation is toxic to the cell because it depletes the pool of uncharged tRNA required for protein biosynthesis (2, 20, 25) . In normal cells, free peptidyl-tRNAs are usually present in a low amount due to occasional drop-off from the translating ribosome (4, 7, 23 ). An essential enzyme, PTH, is responsible for peptidyl-tRNA recycling (23); PTH depletion results in cell death, most probably because of starvation for tRNA Lys sequestered in the form of peptidyl-tRNA (17) . Several factors have been identified that may affect the rate of peptidyl-tRNA drop-off, including effect of antibiotics (26) (27) (28) , codon-anticodon mispairing (4, 11) , and presence of consecutive rare codons at the beginning of the genes (9). Involvement of ribosomal termination (16) and initiation factors (19) in peptidyl-tRNA dissociation has been demonstrated. However, the details of peptidyl-tRNA drop-off remain largely unknown.
The effect of lambda bar minigenes is most readily revealed in PTH-deficient cells. Similarly, all the minigenes selected from the library were also deleterious for pth(rap) cells (Fig. 5 and data not shown). At the same time, library minigenes were selected in (and accordingly, efficiently inhibited the growth of) the cells even with the normal level of PTH activity (Fig. 2) . It remains unknown whether peptidyl-tRNA can accumulate to a significant level in pth ϩ cells, where theoretically it should be efficiently recycled. However, the fact that the growth of pth ϩ cells expressing MR minigenes was restored by overexpression of tRNA 4 Arg cognate to the last minigene codon is compatible with this possibility.
The last sense codon of the MR minigene is decoded by a scarce tRNA isoacceptor (8, 18, 37) . The same is true for several other selected minigenes (MRR, MERRR, and MKRI). The trapping of even a small amount of a rare tRNA in the form of peptidyl-tRNA should rapidly exhaust its pool and would interfere with translation of cellular genes containing corresponding codons. Therefore, the presence of rare codons can potentially contribute to the deleterious effect of the selected minigenes on cellular protein synthesis. On the other hand, other selected minigenes (for example, MI) do not abide to this rule and are decoded by major tRNA isoacceptors. Thus, the importance of rare codons in deleterious minigenes remains unclear. Another factor that theoretically can contribute to the drop-off rate of peptidyl-tRNA is the size of the nascent peptide. It has been proposed that the translation complex is less stable during early rounds of translation (5) , and the in vitro efficiency of tRNA drop-off decreases with the increasing length of the polypeptide (19) . Based on the in vitro data, Karimi et al. (19) hypothesized that starting with the length of 4 to 6 amino acid residues, the growing polypeptide enters the nascent peptide tunnel which would preclude peptidyl-tRNA drop-off. In accordance with these observations, both the selected MR minigene and the lambda bar minigenes are extremely small. Furthermore, five of eight selected minigenes encoded peptides shorter than 5 amino acids long (Fig.  1) , which is again compatible with peptidyl-tRNA drop-off as the mechanism of cell growth inhibition by selected minigenes.
An interesting question is whether an inhibitory effect of the selected and natural minigenes depends on the nature of the encoded peptide. Several experimental observations indicate that interaction of the nascent peptide with the ribosome may affect properties of the translation complex (21, 22, 36) . Interestingly, barI and barII of lambda phage and the selected minigene MI encode the same peptide (Met-Ile), whereas the sequences of corresponding minigenes, including regulatory regions and an Ile codon are different, suggesting that the FIG. 6 . Accumulation of families of isoaccepting peptidyl-tRNAs in cells transformed with inhibitory minigene MR, MKRI, or MHTNH, with noninhibitory minigene ME, or with the empty pPOT1AE vector. The amount of peptidyltRNA was determined as described in reference 14. The standard deviations of the measurements were around 20%.
inhibitory action of minigene may be mediated by the peptide. It is conceivable that peptidyl-tRNAs with specific nascent peptides may be retained less efficiently on the ribosome.
Though short ORFs are abundant in all the sequenced genomes, the biological significance of minigenes has been essentially ignored. This is partly explained by difficulties in the detection of short peptides translated from small ORFs and resulting uncertainty of which small ORFs are actually expressed in the cell. The results of our experiments with the minigene library show that expression of some minigenes may have a profound effect on cell physiology (references 35 and 36 and this paper). Thus, we believe that studies of natural short ORFs will reveal functionally active cellular minigenes.
